The mechanical properties of electrospun fiber networks are critical in a range of applications from filtration to tissue engineering and are dependent on the adhesion between contacting fibers within the network. This adhesion is complex as electrospun networks exhibit a variety of contacts, including both cross-cylinder and parallel fiber configurations. In situ atomic force microscopy (AFM) was used to quantify the work of adhesion between a pair of individual 2 electrospun polyamide fibers using controlled orientations and measurable contact areas. The work of adhesion was found to depend strongly on the fiber-fiber contact, with separation of fibers in a parallel fiber configuration exhibiting considerably higher work of adhesion across a range of contact lengths than a cross-cylinder configuration. Our work therefore highlights direction dependent adhesion behavior between electrospun fibers due a suggested polymer chain orientation mechanism, which increases net van der Waals interactions and indicates variability of adhesion within a random electrospun fiber network.
fibers and their adhesion strength, again using a cross-cylinder configuration. 7 Such investigations generally found a measured adhesion strength in the range corresponding to typical van der Waals forces, which also exhibited a linear relationship between the force required to separate the two fibers, known as the 'pull-off' force, and the fiber radius. 5 However, the contact between fibers was fixed towards a cross-cylinder configuration where a relatively small fiber-fiber contact area was examined. The adhesion between fibers measured using a cross-cylinder configuration is effective at describing the interfiber adhesion when forces act to separate fibers within the resultant electrospun fiber network, but does not describe fiber-fiber interactions when forces are acting in the plane of the electrospun fiber network as described in previous literature. [3] [4] [5] 8 Specific surface properties of electrospun fibers introduced from the spinning process have been highlighted as differing from bulk polymer surface behavior 8, 9 and will define the adhesion between contacting fibers in the network in addition to the resultant contact area. Further non-bulk behavior has been justified from structural arguments based on supramolecular confinement within the electrospun fiber to give, for example, increases in the fiber elastic modulus with decreasing fiber diameter. 10 Importantly, other fibrous networks ranging from the relatively small 'spatula-like' fibers found on the foot of the gecko, to geckoinspired synthetic adhesives 11 and microfiber arrays have displayed adhesion that is depending on the direction of contacting fibers. For example, direction dependent anisotropic adhesion is observed in the fibrous setal arrays of the gecko foot and is used to increase and decrease the adhesive contact between the foot and a surface as the gecko moves over a surface. 9 Such adhesion mechanisms found in biology have been exploited synthetically using arrays of polypropylene fibers and a glass substrate, which showed that sliding along the principal fiber axis direction produces much higher shear force relative to other directions and is attributed to increased contact area that subsequently caused fibers bending. 8 The adhesion properties of electrospun fibrous materials is often visualized using wetting experiments and contact angle measurements. 12 Controlled wetting of electrospun fiber membranes has been successfully achieved using a number of methods including coating with hydrophobic polymerized perfluoroalkyl ethyl methacrylate, using initiated chemical vapor deposition, adding hierarchical roughness by controlling fiber morphology and introducing high density of relatively small diameter beads into the membrane. 13 However, electrospun fiber membrane applications such as filtration and tissue engineering, where transport phenomena and adhesion are important, require enhance wettability between the liquid media and electrospun fiber surfaces. Increasing wettability can be also performed by modifying surface chemistry, such as adsorption of soya proteins onto polypropylene (PP) nonwoven surfaces to provide enhanced hydrophylicity.
14 Understanding both the adhesion and potential direction dependence between electrospun fibers in a network is therefore critical in both understanding the properties of electrospun fiber networks and developing improved network structures. The aim of this study is to understand the properties of electrospun fiber networks by measuring the adhesion between fibers in a number of configurations based on both a cross-cylinder contact, as has been carried out previously, while additional in-plane separations of contacting fibers indicative of more typical deformations mechanisms in electrospun fiber applications is explored. Understanding the adhesion between fibers in an electrospun network critically requires quantitative evaluation of the orientation between pairs of contacting fibers that define the resultant contact area. Figure 1 shows a typical electrospun network and highlights the random orientation of fibers within this network. The cross-cylinder configuration between fibers at an angle of 90˚ provides the minimum contact area between fibers, which is rarely observed in the case of the randomly oriented electrospun mesh of fibers in Figure 1 . Higher resolution imaging using transmission electron microscopy (TEM) in Figure 2 details the contact between electrospun fibers and indicates, as expected, an increase in the contact area as the orientation of fibers around the contact point deviates from 90˚. Furthermore, 3D imaging of electrospun networks has shown that the deposition of fibers onto a flat substrate during the electrospinning process causes random orientation of fibers within layered planes parallel to the plane of the substrate. 15 The electrospun fibers will slide over one another in the plane of the network during, for example, fluid flow through an electrospun network in filtration causing a pressure difference that deforms the electrospun fiber network through bending. Tensile and compressive deformation of a network in bending results in a range of fiber deformation mechanisms from fiber extension and compression as well as, critically, sliding between the contacting fibers in the network. 16 Such sliding of fibers over one another is also important in defining the extensibility, or tortuosity, of fibers in the network for the simulation of soft tissues. 17 The adhesion between electrospun fibers within the network structure should therefore be evaluated through separation of the fibers along their principal axis.
Previous work has utilized experimental techniques to apply forces to individual electrospun fibers using atomic force microscope (AFM) in combination with scanning electron microscope (SEM). Such an experimental setup is powerful in examining deformation mechanisms for individual fibers with sub-micron diameters in situ using SEM while AFM gives force 6 information. The mechanical properties of individual electrospun fibers in tension have been measured using the AFM to apply force to the fibers whereas the SEM allows manipulation and observation of the electrospun fiber failure. 18 Such a setup can therefore be extended to examine the deformation behavior of two electrospun fibers connected together until sufficient force is applied using the AFM to separate the contacting fibers. We examine the cross-cylinder fiber contact geometry used in previous literature and additionally evaluate a parallel configuration that is more representative of the in-plane fiber-fiber contact within the network. These experiments will provide a quantitative insight into the adhesion between electrospun fibers in the network for membrane in-plane loading conditions commonly found in filtration and tissue engineering applications.
EXPERIMENTAL SECTION
Electrospinning. Production of electrospun polymer fibers was carried out by first dissolving solid polyamide 6 (PA6, Nylon 6, M w = 24000 gmol -1 , BASF, Ultramid B33 L, Germany) in a mixture of acetic acid (≥99.7%, Sigma Aldrich, U.S.A.) and formic acid (98%, Sigma Aldrich, U.S.A.) (50/50 mass ratio) to produce a resultant polymer concentration of 12 wt% in solution.
The PA6 polymer solution was electrospun into fibers using a large scale multi-jet electrospinning setup (NanoSpider, Elmarco, Czech Republic) as used previous. 15 , 19 An example of the electrospun PA6 fiber network is presented in Figure 1 and 2. Figure 4 . Two sets of fibers (fiber 1 and fiber 2) were attached to separate AFM tips with soft and stiff cantilevers respectively so that one AFM tip acted as a rigid grip whereas the second AFM tip used the softer cantilever to record the force applied to the adhesive contact between the electrospun fibers during the separation process, as has been utilized in tensile testing of fibrous nanomaterials.
8 attached with their principal axis perpendicular to the long length of the AFM cantilever and parallel to the AFM tip axis.
Adhesion testing. Measuring the adhesion between contacting fibers as shown in Figure 4 was performed using a setup where a custom built AFM was incorporated within an SEM chamber as described previously. 17, 18 The soft cantilever system containing fiber 1 was placed in the AFM so that the cantilever deflection could be accurately determined and converted to force acting on fiber 1 using a low-coherence optical interferometer system situated behind the AFM cantilever. 20 The stiffer cantilever containing fiber 2 was placed onto the sample stage of the AFM system. The piezo positioners of the AFM system were used to move the fibers into contact with one another such as shown in Exposure of non-conductive samples to the electron beam can cause an accumulation of charge on the surface. A change in the deflection of the cantilever was observed when the electron beam was blanked after imaging the contact point between fibers. The change in deflection is due to the effects of an electrostatic field produced from charging of the fibers and cantilever by the electron beam. The cantilever deflection signal recorded by the AFM was therefore allowed to stabilize after beam blanking, which showed that the charge had dissipated. The minimum time for the charge dissipation to occur was observed as being 32 seconds, and a minimum of 90 seconds was allowed between imaging with the SEM and adhesion testing. These observations highlighted the need to first image the contacting electrospun fibers using SEM but perform separation experiments with the SEM electron beam blanked. Due to beam blanking during the adhesion tests, we were not able to record any changes of the contact between fibers that could occur because of fiber bending. The translational velocity when separating fiber 1 from fiber 2 was kept constant at 2.93 µms -1 for all adhesion experiments. An initial displacement was used to straighten the contacting electrospun fibers and remove bending effects, as carried out in previous work, 20 prior to adhesion testing. Translation of fiber 1 away from fiber 2 caused a linear increase in the force acting between the two fibers with displacement of the z-piezo positioner as shown in Figure 5 .
The force acting on fiber 1 was sufficient to overcome the adhesion contact between fiber 2 at a critical displacement and separation occurred, indicated by a drop in the applied force acting between the fibers to the zero point. A total of 40 adhesion test measurements were carried out with fiber 1 and fiber 2. The example of a recorded adhesion test movie, taken with the SEM for illustrative purposes, is presented in Supporting Information. No slippage between fibers was observed during the adhesion tests. The contact length between the fibers was at a range of points along each fiber length and, as the fiber diameters varied along their lengths, a range of contact dimensions were examined using this two fiber setup.
RESULTS AND DISCUSSION
The pull-off force needed to separate two contacting fibers is given by the maximum force obtained from force-displacement curves collected from AFM measurements, with an example curve displayed in Figure 5 . The linear increase in force with displacement was observed for all parallel and cross-cylinder configurations. This linear relationship indicates a buildup of stress at the contact between the fibers until, at a critically applied force, complete separation of the fibers occurred and the force dropped to zero. Such an observation would indicate that frictional sliding is absent in our experiments. For a cross-cylinder fiber contact configuration, the measured pulloff forces are in the range of 0.188 to 0.513 µN. For the parallel configuration of fibers, the variation in contact length is expected to influence the recorded maximum force causes fiber separation, with an increasing contact length requiring a correspondingly increasing pull-off force. A plot of the pull-off force with contact length is shown in Figure 6 . This maximum recorded pull-off force between the contacting PA6 fibers varied from 0.145 to 0.548 µN for contact lengths ranging from 0.413 to 0.778 µm. Moreover, Figure 6 indicates a trend of increasing pull-off force with increasing contact length. . Originally, µ M was derived for spheres but has also been shown to be valid for cylindrical contacts such as presented in this work. 5 The Tabor parameter specifically suggests the use of JKR theory unless the limit for selecting DMT theory is reached where µ M < 0.1.
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Calculation of µ M is therefore required to evaluate the contact mechanics between individual electrospun fibers using the following: where R is effective contact radius between two fibers of radii R 1 and R 2 such that 1/R=1/R 1 +1/R 2 . W is work of adhesion between the fiber contacts, z o is equilibrium separation of the surfaces equal to 1 nm, 5 E * is the combined elastic modulus for two fibers where 1/E * =(1-
)/E 2 for the polyamide (PA6) fibers of this work with ν 1 = ν 2 = 0.39 27 , and E 1 = E 2 = 418 MPa. 19 The Tabor parameter µ M estimated from Equation 1 for the electrospun fiber contact is above 5, suggesting JKR should be more suitable in describing the fiber-fiber contact in crosscylinder configuration as opposed to the limit of µ M < 0.1 for the application of DMT theory. 26 configurations as shown in Figure 4 . In particular, for a cross-cylinder configuration where the orientation of contacting fibers is assumed to occur at an angle θ, JKR theory is able to correlate the maximum pull-off force F p to the work of adhesion, W, by:
where the effective contact radius R e = R a R b . This effective radius between two fibers is dependent on the angle θ made between the two fibers such that R a = R 1 /(1-cosθ) and R b = R 2 /(1+cosθ) and R 1 >R 2 . 28 The effective contact radius can be simplified to R e ≡ R 1 R 2 when the fibers contact one another at θ = 90°.
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The parallel configuration of fibers, where fibers contact each other along their principal axis as shown in Figure 4 (d-f), is given by the expression:
where K=4E * /3, 2L is the contact length, P = 2LF p and 2a is the width of the contact area between fibers as shown in Figure 4 . 30 The contact area between the fibers will increase with the contact length and produces a corresponding increase in the pull off force as shown in Figure 6 . Importantly, the results for cross-cylinder configuration from our adhesion experiments are similar to previous tests 5, 31 stating a work of adhesion of approximately 200 mJ.m -2 for electrospun fibers contacting in a cross-cylinder configuration. This similarity between our results and previous literature for a cross-cylinder configuration validates the current experimental results and work of adhesion evaluation. Critically, the work of adhesion for fibers in the cross-cylinder configuration is lower than for the parallel fiber configuration over a range of contact lengths. Our results therefore indicate adhesion anisotropy for contacting electrospun fibers, which highlights a need to quantify both the adhesion properties between contacting fibers and their contact orientation. The increase in the work of adhesion for the parallel fiber configuration relative to the cross-cylinder configuration is suggested as being due to polymer chain orientation in electrospun fibers. Specifically, electrospinning processes are known to cause orientation of polymer chains within electrospun fibers. 32, 33 Contacting electrospun fibers in a parallel configuration will therefore cause overlap of polymer chains at these adjacent fiber surfaces. However, electrospun fibers in a cross-cylinder configuration will have less polymer chain overlap length due to polymer chains in one fiber oriented perpendicular to the polymer chains at the surface of the adjacent fiber. The net van der Waals force per unit area for the parallel configuration is thus expected to be larger than for the cross-cylinder configuration. Indeed, enhanced work of adhesion for oriented polymer chains due to increased net van der Waals interactions have been observed for molecular alignment in polymer films. 34 We therefore propose adhesion anisotropy as a product of the structural anisotropy produced from the electrospinning process.
CONCLUSIONS
An in situ AFM technique was used to manipulate individual electrospun fibers and measure the work of adhesion when separating individual electrospun PA6 fibers using a range of contact areas and orientations. Experiments provided information on both the contact length between the fibers using SEM and measurement of the pull-off force with AFM. A clear increase in the pulloff force with increasing contact length between electrospun fibers was observed in experiments when translating electrospun fibers along their fiber axis in a parallel contacting cylinder Tables: Table 1 . Pull-off force and work of adhesion for separating PA6 fibers in minimum contact area between fibers in cross-cylinder configuration defined by R e according to the Eq. 2 and of specific contact length for parallel configuration. 
